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 8 
Abstract 9 
Ageing has significant effects on circadian behaviour across a wide variety of species, but the 10 
underlying mechanisms are poorly understood. Previous work has demonstrated the age-dependent 11 
decline in behavioural output in the model organism Drosophila. We demonstrate this age-12 
dependent decline in circadian output is combined with changes in daily activity of Drosophila. 13 
Ageing also has a large impact on sleep behaviour, significantly increasing sleep duration whilst 14 
reducing latency. We used electrophysiology to record from large ventral lateral neurons (l-LNv) of 15 
the Drosophila circadian clock, finding a significant decrease in input resistance with age, but no 16 
significant changes in spontaneous electrical activity or membrane potential. We propose this 17 
change contributes to observed behavioural and sleep changes in light-dark conditions. We also 18 
demonstrate a reduction in the daily plasticity of the architecture of the small ventral lateral neurons 19 
(s-LNv), likely underlying the reduction in circadian rhythmicity during ageing. These results provide 20 
further insights into the effect of ageing on circadian biology, demonstrating age-related changes in 21 
electrical activity in conjunction with the decline in behavioural outputs. 22 
 23 
1. Introduction 24 
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Circadian rhythms describe the near 24-hour cycle in behaviour and physiology, driven by the 25 
circadian clock, that allow organisms to anticipate daily changes in their environment. Circadian 26 
clocks in animals are fundamental biological components responsible for the control of large aspects 27 
of physiology and behaviour, ranging from the sleep-wake cycle to rhythms in blood pressure 28 
(Roenneberg and Merrow, 2016). Remarkably, the fundamental molecular basis of the intracellular 29 
clock is well conserved from Drosophila to mice and humans (Allada and Chung, 2010). The health 30 
consequences of circadian misalignment as a result of our modern lifestyles are dramatic, with links 31 
to cancer, depression and sleep disorders (Menet and Rosbash, 2011; Samuelsson et al., 2018; West 32 
and Bechtold, 2015). With increasing human lifespans and an ageing population, understanding how 33 
circadian rhythms change during the ageing process is of growing interest and medical relevance, 34 
with the population aged over 60 years old set to more than double by 2050 (UN, 2015). 35 
It is well established that elderly individuals have increasing difficulties sleeping at night and have 36 
and increase in daytime sleep episodes combined with generally going to sleep and waking up earlier 37 
(Kondratova and Kondratov, 2012). The daily cycles of hormone levels, body temperature and the 38 
sleep-wake cycle, are modified with age in humans causing disruption in behaviour, and resultant 39 
reduction in the strength of the clock (Hofman and Swaab, 2006). Furthermore, circadian sleep-wake 40 
disorders are more prevalent in older individuals (Kim and Duffy, 2018). 41 
Using Drosophila offers numerous advantages for investigating how ageing affects the circadian 42 
clock, not least the strong history of circadian research in the model organism, genetic tractability, 43 
short lifespan (50-80 days), rapid generation time as well as clearly defined and manipulatable 44 
neural circuits. Genetic analysis of circadian behaviours has identified genes involved in generating 45 
rhythmic transcription translation feedback loops comprising the molecular clock of Drosophila 46 
(Allada and Chung, 2010; Hardin, 2011; Tataroglu and Emery, 2015), which in turn control a wide-47 
range of physiological and cellular responses, likely through rhythmic control of output genes.  48 
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The Drosophila central clock consists of 150 dispersed but connected circadian neurons that are 49 
classified by their anatomical location, projection pattern and the expression of clock genes (Peschel 50 
and Helfrich-Förster, 2011). They function as a network to drive rhythmic behaviour (Top and Young, 51 
2017). Examples of outputs from the molecular clock are the circadian remodelling of the projections 52 
from the s-LNv clock neurons to the dorsal protocerebrum (Fernández et al., 2008) and circadian 53 
modulation of the firing frequency and membrane potential of clock neurons (Cao and Nitabach, 54 
2008; Flourakis et al., 2015; Sheeba et al., 2007). Under laboratory conditions using a 12:12 hr 55 
light:dark (LD) cycle, Drosophila display morning and evening peaks in locomotor activity with 56 
anticipation activity prior to the transitions of light-on and lights-off, with constant darkness (DD) 57 
resulting in free-running activity with a period of around 23.8 hours (Dubowy and Sehgal, 2017). 58 
The LNv neurons produce the neuropeptide pigment dispersing factor (PDF) which acts to 59 
synchronise activity throughout the clock circuit (Shafer and Yao, 2014). PDF acts through the PDF 60 
receptor which has broad expression in the circadian network (Im and Taghert, 2010), with rhythmic 61 
synaptic release of the PDF neuropeptide required for maintaining circadian rhythmicity under 62 
constant conditions . The PDF neurons have been termed the ‘morning’ cells due to the absence of 63 
the morning (but not evening) peak of activity in flies either having mutations in the pdf gene or 64 
lacking the PDF neurons (Renn et al., 1999). Another group of clock neurons, the LNds (dorsal lateral 65 
neurons) as well as the PDF-negative 5th s-LNvs, have been termed the “evening” cells as they are 66 
necessary for the evening anticipation activity (Grima et al., 2004; Stoleru et al., 2004). 67 
In Drosophila ageing has been shown to cause reduced and weakened circadian activity in 68 
behaviour, associated with declining levels of PDF (Umezaki et al., 2012). Disruption of the clock has 69 
also been shown to accelerate ageing, in flies lacking a functional clock (Hendricks et al., 2003; 70 
Krishnan et al., 2012; Vaccaro et al., 2017), or keeping flies under mismatched lighting conditions 71 
(Klarsfeld and Rouyer, 1998; Pittendrigh and Minis, 1972; Vaccaro et al., 2016). Studies on how 72 
ageing affects the molecular clock have reported conflicting results: it has been found to remain 73 
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robust in aged flies (Luo et al., 2012), and to significantly decline in strength with age (Rakshit et al., 74 
2012). To date no studies have been published on the effect of ageing on the electrical activity of 75 
clock neurons in Drosophila. In mice ageing has been shown to result in reduced amplitude of daily 76 
electrical rhythms, measured in vivo using multiunit recordings (Nakamura et al., 2011) or from 77 
single cells in slice preparations (Farajnia et al., 2015, 2012). 78 
To investigate the effect of ageing on circadian rhythms we took advantage of the Drosophila model 79 
that allows systematic monitoring of circadian and sleep behaviour simultaneous from flies across 80 
the range of lifespan. Furthermore, we determine the effect of ageing at the neuronal activity level 81 
by making patch-clamp recordings from the large-LNv clock neurons from young and aged flies.  82 
 83 
2. Materials and methods 84 
2.1. Fly strains 85 
The following fly stocks and their original sources were used, Pdf::RFP (Ruben et al., 2012), iso31 86 
(Ryder et al., 2004), Pdf-Gal4 (Bloomington stock centre, #6900) (Park and Hall, 1998) and UAS-87 
mCD8::GFP (Bloomington Stock Centre, #5137). 88 
All flies were reared on a standard medium based upon the following recipe; 10L batches containing: 89 
400 ml malt extract, 200 ml molasses, 400 g polenta, 90 g active dried yeast, 50 g soya flour and 35 g 90 
granulated agar, with 40 ml of propionic acid (Sigma-Aldrich, #94425) and 100 ml of nipagin (Sigma-91 
Aldrich, #H5501) added after cooling. Flies for ageing were collected and flipped onto fresh food 92 
every 5 days and maintained in an incubator at 25°C and humidity of 55-65% with a 12:12 LD cycle. 93 
 94 
2.2. Circadian behaviour analysis 95 
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Locomotor activity of individual male flies (aged 1, 8, 15, 22, 29, 36, 43 and 49 days old) was 96 
measured using the Drosophila Activity Monitoring (DAM) system (DAM2, Trikinetics Inc, USA). Flies 97 
were transferred into DAM tubes after reaching the desired age and were maintained for 5 days 98 
under 12:12 LD conditions, followed by constant darkness. The first 7 days of DD activity was used 99 
for circadian analysis, with period and rhythmicity analysis performed in MATLAB using the 100 
Flytoolbox (Levine et al., 2002).  101 
 102 
2.3. Anticipation index analysis 103 
The morning and evening anticipation indexes were calculated from the activity of flies across the 5 104 
days of LD activity. Morning anticipation was calculated as previously described (Harrisingh et al., 105 
2007; Zhang and Emery, 2013). Briefly, the average activity was calculated as the ratio of activity 106 
between ZT21.5-24 compared to ZT17-19.5. Evening anticipation was likewise calculated as the 107 
ratio between ZT9.5-12 compared to ZT5-7.5. 108 
 109 
2.4. Sleep analysis 110 
Sleep data were analysed using the Sleep and Circadian Analysis MATLAB Program (S.C.A.M.P.) 111 
(Donelson et al., 2012). Individual raster plots of activity were viewed, and flies that had died before 112 
the end of the experiment were removed from the data. Data were analysed across the 24-hr 113 
period, the 12 hr ‘light phase’, and the 12 hr ‘dark phase’. Sleep is visualised by plotting the mean 114 
amount of sleep in a 30 min bin against the time of day, averaged for the 5 days of the experiment. 115 
From the raw data of sleep amounts and time, a series of measurements of sleep are calculated, 116 
including; ‘total sleep duration’ – sum of all sleep episodes, ‘number of sleep episodes’ – count of all 117 
sleep episodes, ‘mean sleep episode duration’ – average sleep duration (in mins) and ‘sleep latency’ 118 
– the time to the first sleep episodes (in mins).  119 
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 120 
2.5. Electrophysiological recording of clock neurons 121 
Whole-cell current clamp recordings were performed as previously described (Buhl et al., 2016; 122 
Chen et al., 2015). For visualisation of the l-LNvs, Pdf::RFP flies were used (Ruben et al., 2012), which 123 
is a transgenic fusion of the Pdf promoter and mRFP1 that specifically labels the LNv neurons. Adult 124 
male flies were maintained under a 12:12 LD cycle, and recordings were made at either ZT7-9 (day 125 
condition) or ZT19-21 (night condition), where ZT0 corresponds to lights-on.  126 
Firstly, flies were anaesthetised using CO2, before decapitation, and the brain removed by acute 127 
dissection with fine forceps in extracellular saline solution containing (in mM): 101 NaCl, 1 CaCl2, 4 128 
MgCl2, 3 KCl, 5 glucose, 1.25 NaH2PO4, 20.7 NaHCO3 at pH 7.2. The photoreceptors, lamina and as 129 
much membrane as possible were removed and whole brains were transferred to a recording 130 
chamber (ALA scientific) filled with extracellular solution and stably held ventral side up using a 131 
custom-built wire harp. Cells were visualised using an Axio Examiner Z1 (Zeiss) using a 63x water 132 
immersion objective, l-LNvs were identified using 555 nm light generated using a Colibri Examiner 133 
light source (Zeiss). All recordings were performed at room temperature (20-22°C) using thick- 134 
walled borosilicated glass electrodes (1B150F-4, World Precision Instruments) ranging in resistance 135 
from 10-16 MΩ filled with intracellular solution containing (in mM): 102 K-gluconate, 0.085 CaCl2, 17 136 
NaCl, 0.94 EGTA, 8.5 HEPES, 4 Mg-ATP and 0.5 Na-GTP at pH 7.2. Data were recorded using an Axon 137 
Multiclamp 700B amplifier, digitised with an Axon Digidata 1440 (sample rate 20 kHz, 10kHz Bessel 138 
filter) and recorded using pClamp (10.5: Molecular Devices, CA, USA). Chemicals were acquired from 139 
Sigma (Poole, UK). 140 
The liquid junction potential was calculated as 13 mV and subtracted post-hoc from all the 141 
membrane voltages. A cell was included in the analysis if the access resistance was less than 50 MΩ. 142 
Membrane potential (MP) and the spontaneous firing rate (SFR) were measured after stabilising for 143 
2–3 minutes. Membrane input resistance (Rin) was calculated by injecting hyperpolarising current 144 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
steps from -40 pA to +5 pA in 5 pA steps and measuring the resulting voltage change. Neuronal 145 
excitability was measured by injecting a 500 ms long positive current pulse in 2 pA increments with 146 
increasing amplitude up to +40 pA and manually counting the resulting spikes.  147 
 148 
2.6. Immunohistochemistry and analysis 149 
Flies were briefly anaesthetised using CO2 and swiftly decapitated and heads immediately placed 150 
into phosphate-buffer saline (PBS) containing 4% PFA (Image-iT™ Fixative Solution, Thermo Fisher 151 
Scientific # R37814) and 0.008% Triton X-100 (Sigma) and fixed for 45 min at room temperature. For 152 
all steps, tubes were covered by foil to protect tissue from light exposure. Fixed heads were quickly 153 
washed twice in 0.5% PBT (PBS with 0.5% Triton X-100), followed by three 20 min washes in PBT, 154 
before being dissected in 0.1% PBT. Brains were blocked in 5% normal goal serum (NGS, Thermo 155 
Fisher Scientific # 50197Z) for 30 min at room temperature. Brains were then incubated with primary 156 
antibodies in 5% NGS, at 4°C for 36 hr on a rotator with tubes upright. 157 
Brains were quickly washed twice in PBT, followed by three 20 min washes in PBT, with tubes 158 
upright on a rotator. Brains were then incubated with secondary antibodies in 5% NGS for three 159 
hours at room temperature, and then overnight at 4oC. Brains were rinsed in 0.1 % PBT, followed by 160 
three 20 min washes in PBT, and rinsed twice in PBS. Brains were then aligned on a microscope slide, 161 
with wells created using imaging spacers (SecureSeal™, Grace Bio-Labs #654002), and then mounted 162 
in Vectashield hard set medium (Vector Laboratories). The mounting media was allowed to harden 163 
for 30 min at room temperature, before storage at 4°C. Coverslip edges were sealed with clear 164 
solvent (CoverGrip™, Biotium #23005). 165 
 166 
Table 1 - Antibodies used and sources 167 
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Primary Antibodies Concentration Source 
Mouse monoclonal anti-PDF  1:200 Developmental Studies Hybridoma Bank, #PDF-C7 
Rabbit polyclonal anti-GFP 1:1000 Life Technologies # A11122 
Secondary Antibodies   
Alexa Fluor Plus 488 Goat anti-mouse  1:1000 Life Technologies # A32723 
Alexa Fluor Plus 555 Goat anti-rabbit 1:100 Life Technologies # A32732 
 168 
Brains were imaged using a Leica TCS SP8 AOBS confocal laser scanning microscope attached to a Leica 169 
DMi8 inverted epifluorescence microscope, equipped with ‘hybrid’ Gallium arsenide phosphide (GaAsP) 170 
detectors with the green channel imaged at 480 – 551 nm and the red at 571 – 650 nm. We used a 20x 171 
glycerol immersion objective (HC PL APO CS2, Leica) and obtained confocal stacks with a 2 µm step size 172 
and 512 x 512 pixels. The obtained confocal stacks were analysed using the FIJI implementation of ImageJ 173 
(Schindelin et al., 2012). Besides contrast, brightness, colour scheme and orientation adjustments, no 174 
further manipulations were made to the images. 175 
To quantify the axonal arbour of the dorsal projections we used an adaptation of the Sholl method (Sholl, 176 
1953), as has been previously reported (Fernández et al., 2008). Briefly, using six evenly spaced (10 µm) 177 
concentric rings centred at the first branching of the dorsal projections, and counting the number of 178 
intersections of each projection with the rings. Scoring was performed blind to the experimental 179 
condition. 180 
 181 
2.7. Statistical analysis 182 
All statistical analyses were performed using Graphpad Prism 7 (Graphpad Software, USA), with an α 183 
level of p < 0.05 considered significant. Data for ageing experiments showed non-normal distribution 184 
and were plotted as the median with interquartile range, the non-parametric alternative Kruskal-185 
Wallis test was used, with post-hoc analysis conducted using Dunn’s test. For ageing data, statistical 186 
comparisons between groups were compared to the D1 group. 187 
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For electrophysiological and imaging experiments, groups were compared using two-way ANOVA 188 
with Tukey’s multiple comparisons test, with ‘age’ and ‘time of day’ as factors.  189 
 190 
3. Results 191 
3.1. Ageing caused a weakening in circadian behavioural output and lengthening of the free-192 
running period 193 
To address the impact of ageing on the circadian clock we used Drosophila to conduct a 194 
comprehensive behavioural analysis of circadian activity of male flies at 1-week intervals during the 195 
ageing process. Flies were first kept for 5 days in a 12hr:12hr light-dark (LD) cycle and showed 196 
normal diurnal behaviour, with morning and evening peaks of activity (Figure 1A). Flies were then 197 
maintained in constant darkness and showed typical free-running behaviour. In agreement with 198 
previously reported work (Rakshit et al., 2012; Umezaki et al., 2012) we found that ageing resulted in 199 
a significant decline in the strength of circadian locomotor activity under free-running conditions 200 
(Figure 1B, p=0.0001, Kruskal-Wallis statistic = 27.17), with a steep decline in flies aged 36 days and 201 
older, and a significant lengthening of the period of the observed behavioural activity (Figure 1C, 202 
p<0.0001, Kruskal-Wallis statistic = 95.3). We also found there was a significant age-related 203 
reduction in total locomotor activity (Figure 1D, p<0.0001, Kruskal-Wallis statistic = 37.89). 204 
 205 
3.2. Ageing alters daily activity structure in light-dark conditions and reduces anticipatory 206 
behaviour 207 
Given that there was a reduction in the amount of locomotor activity in older flies (Figure 1D), we 208 
sought to further examine how the daily structure of activity under normal LD conditions was altered 209 
by the ageing process. Some of the hallmark features of daily activity of male flies recorded using the 210 
Drosophila Activity Monitoring (DAM) system are the morning and evening peaks in locomotor 211 
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activity (Dubowy and Sehgal, 2017) and anticipation of the light-dark transition (see Figure 2A). Both 212 
the peaks of activity and anticipation behaviour are affected by manipulations of the circadian 213 
system (Lear et al., 2009). We investigated the effect of age on morning and evening anticipation by 214 
first normalising locomotor activity for an individual fly to be the percentage of the daily total (Figure 215 
2B). The anticipation index was then quantified as the proportion of an individual fly’s daily activity 216 
occurring in the 2.5 hrs immediately prior to the light-dark transition compared to the 2.5 hrs in the 217 
middle of the day/night (Harrisingh et al., 2007). Older flies showed significant reductions morning 218 
anticipation index compared to young flies (p<0.0001, Kruskal-Wallis statistic = 28.93), and a slight 219 
reduction in the evening anticipation index (p<0.0001, Kruskal-Wallis statistic = 32.45) (Figure 2C). 220 
 221 
3.3. Ageing alters the daily structure of sleep 222 
Given that there is a strong connection between the circadian clock and sleep, we sought to also 223 
investigate how sleep is altered by age. Sleep analysis was performed for the five days under a LD 224 
cycle at the start of the circadian experiment, with sleep classified under the common convention of 225 
periods of immobility longer than five minutes in duration (Hendricks et al., 2000; Shaw et al., 2000).  226 
The daily structure of sleep in older male flies was noticeably different to that of young flies (Figure 227 
3A) with a visible increase in the amount of daytime sleep and a shift towards sleep earlier in the 228 
day. Quantification of total sleep showed a significant effect of age (p=0.0006, Kruskal-Wallis statistic 229 
= 25.7) (Figure 3B). Looking only at sleep during the daytime (Figure 3C) there was a significant 230 
increase with age (p<0.0001, Kruskal-Wallis statistic = 33.83), however there was no effect of age on 231 
night-time sleep (p=0.31 Kruskal-Wallis statistic = 8.253) (Figure 3D). Measuring the latency of sleep 232 
after the LD transitions demonstrated a significant reduction in the speed at which older flies started 233 
sleeping both during the day (p<0.0001, Kruskal-Wallis statistic = 102.7) (Figure 3E) and night 234 
(p<0.0001, Kruskal-Wallis statistic = 61.33) (Figure 3F). Analysing the parameters of sleep episodes, 235 
we found that there was a significant increase in the number of sleep episodes with age (p<0.0001, 236 
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Kruskal-Wallis statistic = 58.79) (Figure 3G) and a significant difference in mean sleep episode 237 
duration (p<0.0001, Kruskal-Wallis statistic = 32.56), (Figure 3H).  238 
 239 
3.4. Electrical properties of clock neurons are altered by ageing  240 
We have demonstrated that the ageing process causes significant changes to the behavioural 241 
outputs of the circadian clock circuit of Drosophila and therefore set out to investigate if these were 242 
underpinned by changes in clock neuronal activity. To measure the effects of ageing on clock 243 
neurons we made recordings from the prominent wake-promoting l-LNv arousal, the most 244 
accessible and well-studied group of clock neurons in Drosophila (Buhl et al., 2016; Cao and 245 
Nitabach, 2008; Parisky et al., 2008; Sheeba et al., 2008). Recordings were made during the day and 246 
at night in explant brain preparations made from young (day (d) 1-5) and middle-aged (d28-35) flies 247 
(Figure 4) and measured the electrophysiological properties of these cells (Figure 5). Recordings 248 
from flies older than 35 days were limited due to the technical difficulties making stable recordings 249 
from aged neurons, with older brains being more difficult to dissect cleanly and difficulties to 250 
achieve good seals and access due to changes in the older membranes. 251 
 252 
As previously reported, young l-LNvs showed a strong day-night difference in both their spontaneous 253 
firing rate (SFR) and membrane potential (MP) (Cao and Nitabach, 2008; Chen et al., 2015; Sheeba et 254 
al., 2007), but the response to an injected current pulse or the input resistance did not differ 255 
significantly between day and night (Buhl et al., 2016) (Figure 5). Here we report that the diurnal 256 
modulation of SFR and MP are maintained in the l-LNvs recorded from 28-35 day old flies, with no 257 
difference found in the response to a current injection between young and aged flies. Interestingly 258 
we report a significant decrease in the input resistance of aged l-LNvs (Figure 5A), indicative of an 259 
increase in overall conductance across the membrane. 260 
 261 
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3.5. s-LNv terminal remodelling is reduced by ageing 262 
It has previously been demonstrated that the dorsal projections of the s-LNv neurons show daily 263 
remodelling in complexity under clock control (Fernández et al., 2008). To test if this was still 264 
occurring in older flies, day/night changes in PDF terminal morphology were measured in flies aged 265 
30 days (Figure 6). Using the previously published protocol (Fernández et al., 2008) we found that 266 
the remodelling was no longer a significant feature in aged brains. There was a significant overall 267 
effect of time of day (p=0.0045, two-way ANOVA, F(1,24)=9.822) but no effect of age (p=0.5286, 268 
two-way ANOVA, F(1,24)=0.4088). Multiple comparisons tests showed the magnitude of the day-269 
night difference was reduced in older flies and no longer being significantly different between day 270 
and night (p=0.6138, Tukey’s test, DF=24, q=1.741) (Figure 6C). 271 
 272 
4. Discussion 273 
Ageing is known to have a significant impact on circadian behaviour but what effect this has at a 274 
neuronal level is poorly understood. In this study we have conducted a systematic analysis of the 275 
effect of ageing on circadian behaviour and related this to electrical activity of l-LNv clock neurons 276 
finding a significant reduction in the input resistance of aged neurons.  277 
Our behavioural experiments complement the work of previous studies in showing that the strength 278 
of the free-running behaviour weakens and period lengthens with age (Umezaki et al., 2012). In 279 
addition, we go further by using a systematic approach to monitor flies at 1-week intervals across 280 
the ageing process and show that there is an age-dependent decrease in rhythm strength (Figure 1B) 281 
and an equivalent increase in period length with age (Figure 1C). Mouse experiments have found 282 
that ageing results in a lengthening in period in both behavioural activity (Turek et al., 1995; 283 
Valentinuzzi et al., 1997) and in molecular rhythms in the SCN (Nakamura et al., 2015).  284 
We further sought to investigate how the daily structure of activity under light-dark conditions is 285 
altered by ageing, by quantifying changes in morning and evening anticipatory activity (Figure 2). We 286 
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found that there was a significant effect of age on both the morning and evening anticipation 287 
indexes (Figure 2C), with a greater reduction in the morning peak. LNv neurons are required for 288 
correct morning anticipation (Grima et al., 2004; Stoleru et al., 2004) and are obvious candidates for 289 
involvement in an age related decline in this anticipatory behaviour. Morning anticipatory behaviour 290 
is also linked to expression of PDF, with pdf 01 and PDF-RNAi flies showing significant reductions in 291 
morning anticipation (Shafer and Taghert, 2009). A reduction in PDF expression in aged flies has 292 
previously been demonstrated (Umezaki et al., 2012), providing further evidence for the importance 293 
of PDF in maintaining healthy rhythms with age, and supporting a hypothesis that reduced PDF 294 
signalling with age underlies the weakening of behavioural rhythmicity.  295 
The l-LNv neurons are involved in promoting arousal (Chung et al., 2009; Sheeba et al., 2008) and 296 
regulating sleep and latency during the early night (Liu et al., 2014). We made use of the DAM 297 
recording system to monitor sleep under light-dark conditions, using the widely accepted definition 298 
of sleep as period of immobility greater than 5 mins (Shaw et al., 2000). Ageing is known to cause 299 
changes in the sleep profile across many organisms including mice (Valentinuzzi et al., 1997), non-300 
human primates (Zhdanova et al., 2011) and humans (Moraes et al., 2014). Previous Drosophila 301 
studies on the effects of ageing on sleep have reported that sleep becomes more fragmented with 302 
age (Koh et al., 2006; Vienne et al., 2016), showing a similar increase in sleep episode number and 303 
decrease in mean sleep episode duration compared to our results (Figure 3G & 3H).  304 
Electrical silencing of LNv neurons causes deficits in free-running clock behaviour (Depetris-Chauvin 305 
et al., 2011), demonstrating a link between electrical activity and behaviour. Most 306 
electrophysiological studies use young flies aged between 3 and 7 days for recordings (Cao and 307 
Nitabach, 2008), with a limited amount of recordings made from 25 day old flies only looking at the 308 
active firing properties of the neurons (Sheeba et al., 2007). Here we report the effect of ageing on l-309 
LNv neuronal activity and electrical properties. We perform whole-cell patch clamp recordings from 310 
young and aged neurons and report no major differences in the observed spontaneous activity of l-311 
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LNv neurons (Figure 4). Further analysis of the electrical properties of l-LNv neurons showed that 312 
there was a significant effect of age in reducing the input resistance, which surprisingly did not affect 313 
spontaneous firing rate, membrane potential or excitability (Figure 5). We propose the age-related 314 
changes in l-LNv properties are linked with the observed changes in activity and sleep during light-315 
dark conditions. 316 
There are multiple possible explanations for a decrease in input resistance without changing the 317 
active properties of the neurons. One hypothesis would be the involvement of chloride (Cl-) 318 
channels, which could become open and decrease resistance without changing the membrane 319 
potential, alternatively, the observed reduction in input resistance could result from age-related 320 
changes in the composition of ion channels in the membrane, with future experiments needed to 321 
evaluate between potential hypotheses. The l-LNv express the GABAA receptor Resistant to dieldrin 322 
(Rdl), which when activated by GABA selectively conducts Cl- through its pore. Rdl has important 323 
roles in promoting sleep, with a mutation in Rdl that causes extended channel openings resulting in 324 
increased sleep duration and decreased latency (Agosto et al., 2008; Parisky et al., 2008). 325 
Conversely, knocking down the Rdl gene in the PDF neurons reduces sleep, again suggesting GABA 326 
regulates sleep through the LNvs and Rdl receptor function (Chung et al., 2009). Therefore, it is 327 
possible that during ageing there is an increase in GABA activation through Rdl in the l-LNvs, causing 328 
increased Cl- conductance. This increase in Cl- conductance may contribute to the observed 329 
reduction in input resistance recorded and also drive the increase in sleep duration and decreased 330 
sleep latency in aged flies.  331 
Studies of ageing on electrical activity of mouse clock neurons found no effect of age on input 332 
resistance but reveal a reduction in the difference between day and night firing rates (Farajnia et al., 333 
2012), showing differences of the effects of ageing between different clock neurons in Drosophila 334 
and mouse. 335 
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Our electrophysiological experiments were limited to the l-LNvs so we can only link the changes in 336 
neuronal properties we observed to the changes in morning activity and sleep in LD conditions as 337 
the l-LNv do not maintain molecular oscillations in DD (Grima et al., 2004), although it is possible 338 
that similar changes in neuronal properties are occurring in the s-LNvs where molecular oscillations 339 
do persist in constant conditions. We sought to investigate changes to the s-LNv neurons, namely 340 
the remodelling of the s-LNv dorsal projections. Analysis of the branching of the s-LNv projections 341 
demonstrated that the day-night difference in complexity is reduced by ageing (Figure 6), indicating 342 
changes in the distribution of the PDF release network in older flies. Given the role of PDF in 343 
regulating the activity of different groups of clock neurons, namely through excitation of dorsal clock 344 
neurons (Seluzicki et al., 2014), changes in PDF signalling would contribute to changes in the clock 345 
network as a whole. The s-LNv neurons are known to be important for maintaining behavioural 346 
rhythmicity under constant conditions and we propose this weakening of s-LNv terminal remodelling 347 
underlies the age-related weakening in circadian locomotor behaviour. 348 
Our study builds upon the existing literature demonstrating an age-dependent decline in circadian 349 
behavioural outputs, and importantly links this to changes in the electrophysiological and structural 350 
properties of clock neurons. Further work is necessary to fully understand what the implications of 351 
these changes are for the circadian clock network as a whole and if similar changes are occurring in 352 
other groups of clock neurons in Drosophila. 353 
 354 
Acknowledgements & Funding 355 
We thank Professor Ralf Stanewsky (University of Münster) for providing PDF::RFP and iso31 stocks and 356 
Bloomington Stock Centre for other stocks. Wolfson Bioimaging Centre Bristol for use of confocal 357 
microscopy facilities. We kindly thank Professors Ralf Stanewsky and Herman Wijnen for their comments 358 
on the manuscript. We are also grateful to 3 anonymous reviewers for their constructive feedback. 359 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
This work was funded by a Wellcome Trust Studentship 105208/Z/14/Z and a Leverhulme project grant 360 
(RPG-2016-318). KTA gratefully acknowledges the financial support of the EPSRC via grant EP/N014391/1. 361 
 362 
References 363 
Agosto, J., Choi, J.C., Parisky, K.M., Stilwell, G., Rosbash, M., Griffith, L.C., 2008. Modulation of GABAA receptor 364 
desensitization uncouples sleep onset and maintenance in Drosophila. Nat. Neurosci. 11, 354–359. 365 
https://doi.org/10.1038/nn2046 366 
Allada, R., Chung, B.Y., 2010. Circadian Organization of Behavior and Physiology in Drosophila. Annu. Rev. 367 
Physiol. 72, 605–624. https://doi.org/10.1146/annurev-physiol-021909-135815 368 
Buhl, E., Bradlaugh, A., Ogueta, M., Chen, K.-F., Stanewsky, R., Hodge, J.J.L., 2016. Quasimodo mediates daily 369 
and acute light effects on Drosophila clock neuron excitability. Proc. Natl. Acad. Sci. 201606547. 370 
https://doi.org/10.1073/pnas.1606547113 371 
Cao, G., Nitabach, M.N., 2008. Circadian control of membrane excitability in Drosophila melanogaster lateral 372 
ventral clock neurons. J. Neurosci. 28, 6493–501. https://doi.org/10.1523/JNEUROSCI.1503-08.2008 373 
Chen, C., Buhl, E., Xu, M., Croset, V., Rees, J.S., Lilley, K.S., Benton, R., Hodge, J.J.L., Stanewsky, R., 2015. 374 
Drosophila Ionotropic Receptor 25a mediates circadian clock resetting by temperature. Nature 527, 516–375 
520. https://doi.org/10.1038/nature16148 376 
Chung, B.Y., Kilman, V.L., Keath, J.R., Pitman, J.L., Allada, R., 2009. The GABAA Receptor RDL Acts in Peptidergic 377 
PDF Neurons to Promote Sleep in Drosophila. Curr. Biol. 19, 386–390. 378 
https://doi.org/10.1016/j.cub.2009.01.040 379 
Depetris-Chauvin, A., Berni, J., Aranovich, E.J., Muraro, N.I., Beckwith, E.J., Ceriani, M.F., 2011. Adult-specific 380 
electrical silencing of pacemaker neurons uncouples molecular clock from circadian outputs. Curr. Biol. 381 
21, 1783–1793. https://doi.org/10.1016/j.cub.2011.09.027 382 
Donelson, N., Kim, E.Z., Slawson, J.B., Vecsey, C.G., Huber, R., Griffith, L.C., 2012. High-resolution positional 383 
tracking for long-term analysis of Drosophila sleep and locomotion using the “tracker” program. PLoS 384 
One 7. https://doi.org/10.1371/journal.pone.0037250 385 
Dubowy, C., Sehgal, A., 2017. Circadian Rhythms and Sleep in Drosophila melanogaster. Genetics 205, 1373–386 
1397. https://doi.org/10.1534/genetics.115.185157 387 
Farajnia, S., Meijer, J.H., Michel, S., 2015. Age-related changes in large-conductance calcium-activated 388 
potassium channels in mammalian circadian clock neurons. Neurobiol. Aging 36, 2176–2183. 389 
https://doi.org/10.1016/j.neurobiolaging.2014.12.040 390 
Farajnia, S., Michel, S., Deboer, T., vanderLeest, H.T., Houben, T., Rohling, J.H.T., Ramkisoensing, A., Yasenkov, 391 
R., Meijer, J.H., 2012. Evidence for Neuronal Desynchrony in the Aged Suprachiasmatic Nucleus Clock. J. 392 
Neurosci. 32, 5891–5899. https://doi.org/10.1523/JNEUROSCI.0469-12.2012 393 
Fernández, M.P., Berni, J., Ceriani, M.F., 2008. Circadian Remodeling of Neuronal Circuits Involved in Rhythmic 394 
Behavior. PLoS Biol. 6, e69. https://doi.org/10.1371/journal.pbio.0060069 395 
Flourakis, M., Hutchison, A.L., Diekman, C.O., Raman, I.M., Flourakis, M., Kula-eversole, E., Hutchison, A.L., 396 
Han, T.H., Aranda, K., Moose, D.L., White, K.P., Dinner, A.R., Lear, B.C., Ren, D., Diekman, C.O., Raman, 397 
I.M., Allada, R., 2015. A Conserved Bicycle Model for Circadian Clock Control of Membrane Excitability. 398 
Cell 162, 836–848. https://doi.org/10.1016/j.cell.2015.07.036 399 
Grima, B., Chélot, E., Xia, R., Rouyer, F., 2004. Morning and evening peaks of activity rely on different clock 400 
neurons of the Drosophila brain. Nature 431, 869–873. https://doi.org/10.1038/nature02935 401 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Hardin, P.E., 2011. Molecular genetic analysis of circadian timekeeping in Drosophila, Advances in Genetics. 402 
https://doi.org/10.1016/B978-0-12-387690-4.00005-2 403 
Harrisingh, M.C., Wu, Y., Lnenicka, G.A., Nitabach, M.N., 2007. Intracellular Ca2+ Regulates Free-Running 404 
Circadian Clock Oscillation In Vivo. J. Neurosci. 27, 12489–12499. 405 
https://doi.org/10.1523/JNEUROSCI.3680-07.2007 406 
Hendricks, J.C., Finn, S.M., Panckeri, K.A., Chavkin, J., Williams, J.A., Sehgal, A., Pack, A.I., 2000. Rest in 407 
Drosophila Is a Sleep-like State. Neuron 25, 129–138. https://doi.org/10.1016/S0896-6273(00)80877-6 408 
Hendricks, J.C., Lu, S., Kume, K., Yin, J.C.-P., Yang, Z., Sehgal, A., 2003. Gender Dimorphism in the Role of cycle 409 
(BMAL1) in Rest, Rest Regulation, and Longevity in Drosophila melanogaster. J. Biol. Rhythms 18, 12–25. 410 
https://doi.org/10.1177/0748730402239673 411 
Hofman, M.A., Swaab, D.F., 2006. Living by the clock: The circadian pacemaker in older people. Ageing Res. 412 
Rev. 5, 33–51. https://doi.org/10.1016/j.arr.2005.07.001 413 
Im, S.H., Taghert, P.H., 2010. PDF receptor expression reveals direct interactions between circadian oscillators 414 
in Drosophila. J. Comp. Neurol. 518, 1925–1945. https://doi.org/10.1002/cne.22311 415 
Kim, J.H., Duffy, J.F., 2018. Circadian Rhythm Sleep-Wake Disorders in Older Adults. Sleep Med. Clin. 13, 39–50. 416 
https://doi.org/10.1016/j.jsmc.2017.09.004 417 
Klarsfeld, A., Rouyer, F., 1998. Effects of Circadian Mutations and LD Periodicity on the Life Span of Drosophila 418 
melanogaster. J. Biol. Rhythms 13, 471–478. https://doi.org/10.1177/074873098129000309 419 
Koh, K., Evans, J.M., Hendricks, J.C., Sehgal, A., 2006. A Drosophila model for age-associated changes in 420 
sleep:wake cycles. Proc. Natl. Acad. Sci. 103, 13843–13847. https://doi.org/10.1073/pnas.0605903103 421 
Kondratova, A.A., Kondratov, R. V, 2012. The circadian clock and pathology of the ageing brain. Nat. Rev. 422 
Neurosci. 13, 325–35. https://doi.org/10.1038/nrn3208 423 
Krishnan, N., Rakshit, K., Chow, E.S., Wentzell, J.S., Kretzschmar, D., Giebultowicz, J.M., 2012. Loss of circadian 424 
clock accelerates aging in neurodegeneration-prone mutants. Neurobiol. Dis. 45, 1129–35. 425 
https://doi.org/10.1016/j.nbd.2011.12.034 426 
Lear, B.C., Zhang, L., Allada, R., 2009. The neuropeptide PDF acts directly on evening pacemaker neurons to 427 
regulate multiple features of circadian behavior. PLoS Biol. 7. 428 
https://doi.org/10.1371/journal.pbio.1000154 429 
Levine, J.D., Funes, P., Dowse, H.B., Hall, J.C., 2002. Signal analysis of behavioral and molecular cycles. BMC 430 
Neurosci. 3, 1. https://doi.org/10.1186/1471-2202-3-1 431 
Liu, S., Lamaze, A., Liu, Q., Tabuchi, M., Yang, Y., Fowler, M., Bharadwaj, R., Zhang, J., Bedont, J., Blackshaw, S., 432 
Lloyd, T.E., Montell, C., Sehgal, A., Koh, K., Wu, M.N., 2014. WIDE AWAKE mediates the circadian timing 433 
of sleep onset. Neuron 82, 151–166. https://doi.org/10.1016/j.neuron.2014.01.040 434 
Luo, W., Chen, W.-F., Yue, Z., Chen, D., Sowcik, M., Sehgal, A., Zheng, X., 2012. Old flies have a robust central 435 
oscillator but weaker behavioral rhythms that can be improved by genetic and environmental 436 
manipulations. Aging Cell 11, 428–38. https://doi.org/10.1111/j.1474-9726.2012.00800.x 437 
Menet, J.S., Rosbash, M., 2011. When brain clocks lose track of time: Cause or consequence of 438 
neuropsychiatric disorders. Curr. Opin. Neurobiol. 21, 849–857. 439 
https://doi.org/10.1016/j.conb.2011.06.008 440 
Moraes, W., Piovezan, R., Poyares, D., Bittencourt, L.R., Santos-Silva, R., Tufik, S., 2014. Effects of aging on 441 
sleep structure throughout adulthood: A population-based study. Sleep Med. 15, 401–409. 442 
https://doi.org/10.1016/j.sleep.2013.11.791 443 
Nakamura, T.J., Nakamura, W., Tokuda, I.T., Ishikawa, T., Colwell, C.S., Block, G.D., 2015. Age-related changes 444 
in the circadian system unmasked by constant conditions. eNeuro 2, 1–10. 445 
Nakamura, T.J., Nakamura, W., Yamazaki, S., Kudo, T., Cutler, T., Colwell, C.S., Block, G.D., 2011. Age-related 446 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
decline in circadian output. J. Neurosci. 31, 10201–5. https://doi.org/10.1523/JNEUROSCI.0451-11.2011 447 
Parisky, K.M., Agosto, J., Pulver, S.R., Shang, Y., Kuklin, E., Hodge, J.J.L., Kang, K., Liu, X., Garrity, P.A., Rosbash, 448 
M., Griffith, L.C., 2008. PDF Cells Are a GABA-Responsive Wake-Promoting Component of the Drosophila 449 
Sleep Circuit. Neuron 60, 672–682. https://doi.org/10.1016/j.neuron.2008.10.042 450 
Park, J.H., Hall, J.C., 1998. Isolation and chronobiological analysis of a neuropeptide pigment-dispersing factor 451 
gene in Drosophila melanogaster. J Biol Rhythm. 13, 219–228. 452 
https://doi.org/10.1177/074873098129000066 453 
Peschel, N., Helfrich-Förster, C., 2011. Setting the clock – by nature: Circadian rhythm in the fruitfly Drosophila 454 
melanogaster. FEBS Lett. 585, 1435–1442. https://doi.org/10.1016/j.febslet.2011.02.028 455 
Pittendrigh, C.S., Minis, D.H., 1972. Circadian systems: longevity as a function of circadian resonance in 456 
Drosophila melanogaster. Proc. Natl. Acad. Sci. U. S. A. 69, 1537–1539. 457 
https://doi.org/10.1073/pnas.69.6.1537 458 
Rakshit, K., Krishnan, N., Guzik, E.M., Pyza, E., Giebultowicz, J.M., 2012. Effects of aging on the molecular 459 
circadian oscillations in Drosophila. Chronobiol. Int. 29, 5–14. 460 
https://doi.org/10.3109/07420528.2011.635237 461 
Renn, S.C.P., Park, J.H., Rosbash, M., Hall, J.C., Taghert, P.H., 1999. A pdf Neuropeptide Gene Mutation and 462 
Ablation of PDF Neurons Each Cause Severe Abnormalities of Behavioral Circadian Rhythms in 463 
Drosophila. Cell 99, 791–802. https://doi.org/10.1016/S0092-8674(00)81676-1 464 
Roenneberg, T., Merrow, M., 2016. The Circadian Clock and Human Health. Curr. Biol. 26, R432–R443. 465 
https://doi.org/10.1016/j.cub.2016.04.011 466 
Ruben, M., Drapeau, M.D., Mizrak, D., Blau, J., 2012. A mechanism for circadian control of pacemaker neuron 467 
excitability. J. Biol. Rhythms 27, 353–64. https://doi.org/10.1177/0748730412455918 468 
Ryder, E., Blows, F., Ashburner, M., Bautista-Llacer, R., Coulson, D., Drummond, J., Webster, J., Gubb, D., 469 
Gunton, N., Johnson, G., O’Kane, C.J., Huen, D., Sharma, P., Asztalos, Z., Baisch, H., Schulze, J., Kube, M., 470 
Kittlaus, K., Reuter, G., Maroy, P., Szidonya, J., Rasmuson-Lestander, Å., Ekström, K., Dickson, B., 471 
Hugentobler, C., Stocker, H., Hafen, E., Lepesant, J.A., Pflugfelder, G., Heisenberg, M., Mechler, B., Serras, 472 
F., Corominas, M., Schneuwly, S., Preat, T., Roote, J., Russell, S., 2004. The DrosDel collection: A set of P-473 
element insertions for generating custom chromosomal aberrations in Drosophila melanogaster. 474 
Genetics 167, 797–813. https://doi.org/10.1534/genetics.104.026658 475 
Samuelsson, L.B., Bovbjerg, D.H., Roecklein, K.A., Hall, M.H., 2018. Sleep and circadian disruption and incident 476 
breast cancer risk: An evidence-based and theoretical review. Neurosci. Biobehav. Rev. 84, 35–48. 477 
https://doi.org/10.1016/j.neubiorev.2017.10.011 478 
Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., Preibisch, S., Rueden, C., 479 
Saalfeld, S., Schmid, B., Tinevez, J.-Y., White, D.J., Hartenstein, V., Eliceiri, K., Tomancak, P., Cardona, A., 480 
2012. Fiji: an open-source platform for biological-image analysis. Nat. Methods 9, 676–682. 481 
https://doi.org/10.1038/nmeth.2019 482 
Seluzicki, A., Flourakis, M., Kula-Eversole, E., Zhang, L., Kilman, V., Allada, R., 2014. Dual PDF Signaling 483 
Pathways Reset Clocks Via TIMELESS and Acutely Excite Target Neurons to Control Circadian Behavior. 484 
PLoS Biol. 12, 19–25. https://doi.org/10.1371/journal.pbio.1001810 485 
Shafer, O.T., Taghert, P.H., 2009. RNA-Interference Knockdown of Drosophila Pigment Dispersing Factor in 486 
Neuronal Subsets: The Anatomical Basis of a Neuropeptide’s Circadian Functions. PLoS One 4, e8298. 487 
https://doi.org/10.1371/journal.pone.0008298 488 
Shafer, O.T., Yao, Z., 2014. Pigment-dispersing factor signaling and circadian rhythms in insect locomotor 489 
activity. Curr. Opin. Insect Sci. 1, 73–80. https://doi.org/10.1016/j.cois.2014.05.002 490 
Shaw, P.J., Cirelli, C., Greenspan, R.J., Tononi, G., 2000. Correlates of sleep and waking in Drosophila 491 
melanogaster. Science 287, 1834–1837. https://doi.org/10.1126/science.287.5459.1834 492 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Sheeba, V., Fogle, K.J., Kaneko, M., Rashid, S., Chou, Y.-T., Sharma, V.K., Holmes, T.C., 2008. Large ventral 493 
lateral neurons modulate arousal and sleep in Drosophila. Curr. Biol. 18, 1537–45. 494 
https://doi.org/10.1016/j.cub.2008.08.033 495 
Sheeba, V., Gu, H., Sharma, V.K., O’ Dowd, D.K., Holmes, T.C., 2007. Circadian- and Light-Dependent Regulation 496 
of Resting Membrane Potential and Spontaneous Action Potential Firing of Drosophila Circadian 497 
Pacemaker Neurons. J Neurophysiol 99, 976–988. https://doi.org/10.1152/jn.00930.2007. 498 
Sholl, D.A., 1953. Dendritic organization in the neurons of the visual and motor cortices of the cat. J. Anat. 87, 499 
387–406. 500 
Stoleru, D., Peng, Y., Agosto, J., Rosbach, M., 2004. Coupled Oscilators Control Morning and Evening 501 
Locomotor Behaviour of Drosophila. Lett. to Nat. 431, 862–868. https://doi.org/10.1038/nature02966.1. 502 
Tataroglu, O., Emery, P., 2015. The molecular ticks of the Drosophila circadian clock. Curr. Opin. Insect Sci. 7, 503 
51–57. https://doi.org/10.1016/j.cois.2015.01.002 504 
Top, D., Young, M.W., 2017. Coordination between Differentially Regulated Circadian Clocks Generates 505 
Rhythmic Behavior. Cold Spring Harb. Perspect. Biol. a033589. 506 
https://doi.org/10.1101/cshperspect.a033589 507 
Turek, F.W., Penev, P., Zhang, Y., van Reeth, O., Zee, P., 1995. Effects of age on the circadian system. Neurosci. 508 
Biobehav. Rev. 19, 53–58. https://doi.org/10.1016/0149-7634(94)00030-5 509 
Umezaki, Y., Yoshii, T., Kawaguchi, T., Helfrich-Förster, C., Tomioka, K., 2012. Pigment-dispersing factor is 510 
involved in age-dependent rhythm changes in Drosophila melanogaster. J. Biol. Rhythms 27, 423–32. 511 
https://doi.org/10.1177/0748730412462206 512 
UN, 2015. World population, ageing. United Nations, Dep. Econ. Soc. Aff. Popul. Div. (2015). World Popul. 513 
Ageing United Nat, 164. https://doi.org/ST/ESA/SER.A/390 514 
Vaccaro, A., Birman, S., Klarsfeld, A., 2016. Chronic jet lag impairs startle-induced locomotion in Drosophila. 515 
Exp. Gerontol. 85, 24–27. https://doi.org/10.1016/j.exger.2016.09.012 516 
Vaccaro, A., Issa, A.R., Seugnet, L., Birman, S., Klarsfeld, A., 2017. Drosophila Clock Is Required in Brain 517 
Pacemaker Neurons to Prevent Premature Locomotor Aging Independently of Its Circadian Function. 518 
PLoS Genet. 13, 1–24. https://doi.org/10.1371/journal.pgen.1006507 519 
Valentinuzzi, V.S., Scarbrough, K., Takahashi, J.S., Turek, F.W., 1997. Effects of aging on the circadian rhythm of 520 
wheel-running activity in C57BL/6 mice. Am. J. Physiol. 273, R1957-64. 521 
Vienne, J., Spann, R., Guo, F., Rosbash, M., 2016. Age-Related Reduction of Recovery Sleep and Arousal 522 
Threshold in Drosophila. Sleep 39, 1613–1624. https://doi.org/10.5665/sleep.6032 523 
West, A.C., Bechtold, D. a., 2015. The cost of circadian desynchrony: Evidence, insights and open questions. 524 
BioEssays 37, 777–788. https://doi.org/10.1002/bies.201400173 525 
Zhang, Y., Emery, P., 2013. GW182 Controls Drosophila Circadian Behavior and PDF-Receptor Signaling. Neuron 526 
78, 152–165. https://doi.org/10.1016/j.neuron.2013.01.035 527 
Zhdanova, I. V., Masuda, K., Quasarano-Kourkoulis, C., Rosene, D.L., Killiany, R.J., Wang, S., 2011. Aging of 528 
intrinsic circadian rhythms and sleep in a diurnal nonhuman primate, Macaca mulatta. J. Biol. Rhythms 529 
26, 149–159. https://doi.org/10.1177/0748730410395849 530 
 531 
 532 
 533 
 534 
 535 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 536 
 537 
 538 
 539 
 540 
 541 
 542 
 543 
 544 
 545 
 546 
 547 
 548 
 549 
 550 
551 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Figure 1. Locomotor activity at different timepoints in the ageing process. (A) Top panel - group 552 
activity profiles during LD from wild type flies. Middle-panel - double plotted actograms of 553 
representative individual flies are shown, activity scaled to individual maximum. Flies were 554 
maintained for 5 days of LD before being maintained in constant darkness (DD). In the actograms 555 
white represents day, grey background represents darkness. Bottom panel – group activity profile 556 
during the 5th day of DD (DD5). (B) Circadian behaviour weakens with age as measured by the 557 
rhythmicity statistic. (C) Ageing causes lengthening of period in wild type flies. (D) Average daily 558 
locomotor activity during LD is significantly reduced by ageing. On the x axis D signifies days after 559 
eclosion. ‘***’ represents p<0.001 as determined using the Kruskal-Wallis test with Dunn’s post hoc 560 
test, data plotted as median with error bars representing the interquartile range. 561 
 562 
Figure 2. Morning and evening anticipation reduce with age in wild type flies. (A) Schematic of 563 
morning and evening anticipation index. (B) Normalised daily group activity plots of 1, 15, 29 and 43-564 
day old flies. (C) Quantification of anticipation index shows that the morning anticipation index is 565 
significantly reduced by age, and that evening anticipation is slightly reduced. N=20-32 for each 566 
group, ‘*’ represents p<0.05, ‘**’ - p<0.01, ‘***’ - p<0.001 as determined using the Kruskal-Wallis 567 
test with Dunn’s post hoc test, data plotted as median with error bars representing the interquartile 568 
range. 569 
 570 
Figure 3. Ageing alters the daily structure of sleep in Drosophila. (A) Daily sleep profile of groups of 571 
male flies aged 1, 29 and 43 days old, average across 5 days. Shaded area represents the 95% 572 
confidence interval. (B – H) Quantification of sleep parameters for flies aged D1, 8 ,15, 22, 29, 36, 43 573 
and 49 days, flies were monitored in parallel under identical conditions. Error bars plot the median 574 
and interquartile range with ‘*’ representing p<0.05, ‘**’ - p<0.01, ‘***’ - p<0.001 with statistical 575 
testing performed by Kruskal-Wallis test with Dunn’s multiple comparisons. (B) Mean total sleep 576 
duration (C) Mean daytime sleep (D) Mean night-time sleep (E) Latency to sleep after lights on (F) 577 
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Latency to sleep after lights off (G) Number of sleep episodes (H) Sleep episode duration (see 578 
methods for definitions). 579 
 580 
Figure 4 Electrophysiological characterisation of l-LNv clock neurons. Membrane potential and 581 
spontaneous activity (left panels) and firing response to a current pulse (right panels, colour-coded 582 
as indicated) of wild type l-LNvs from young (d1-5) and aged (d28-35) flies recorded at day (ZT 7-9) 583 
and night (ZT 19-21). 584 
 585 
Figure 5. Quantitative analysis of electrophysiological properties of l-LNv clock neurons from young 586 
(d1-5) and middle-aged (d28-35) flies in day and night conditions. (A) Analysis of input resistance 587 
(Rin) showed a highly significant effect of age (p<0.0001) and an effect of time of day (p<0.005) but 588 
no interaction. (B) Analysis of the spontaneous firing rate (SFR) showed a significant effect of time of 589 
day (p <0.0001) but no effect of age. (C) Analysis of the membrane potential (MP) values showed a 590 
significant effect of time of day (p<0.0001). (D) Analysis of the responses to an injected current pulse 591 
(f+40pA) showed no significant effects. Data were analysed using two-way ANOVA with Tukey’s 592 
multiple comparisons test, error bars show the mean ± SEM. Each data point represents a single l-593 
LNv neuron. 594 
 595 
Figure 6. Daily reorganization in the PDF terminals is reduced by ageing. (A) pdf>mCD8-GFP wild type 596 
brains dissected at ZT2 and ZT14. Brains were stained with anti-GFP (green) and anti-PDF (magenta) 597 
antibodies. Scale bar = 50 µm. (B) Schematic depiction of how the quantification of the PDF axonal 598 
branching was carried out. (C) The total number of intersections between the concentric rings and 599 
the axonal projections was quantified and showed daily remodelling. Error bars show mean ± SEM, 600 
statistical analysis performed by two-way ANOVA with Tukey’s multiple comparisons test. N>6 for all 601 
groups, quantification was performed on the dorsal projections originating from a group of s-LNv 602 
neurons.  603 
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